Time delay between first bubble contact with the sensor 0 and first and last bubble contacts respectively with sensor 2(s)
Introduction
Multiphase flows are fairly common in many chemical, mining and mechanical industries. Air-water flows are typical of multiphase flows where density difference between the dispersed phase and the continuous phase is quite large. The essential parameters in twophase air-water bubbly flows include volume fraction distribution of the dispersed phase, interfacial area concentration and the bubble size distribution corresponding to the dispersed phase.
Conductivity probes are used widely to measure various flow characteristics of bubbly multiphase flows within pipelines [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Wu et al [16] have shown that a dual-sensor probe can be used to measure the time averaged velocity and interfacial area concentration of the dispersed phase in air-water multiphase flows with reasonable accuracy. However dual-sensor probes, because of their very nature, can only estimate the axial bubble velocity. Hence the use of dual-sensor probes for measuring dispersed phase parameters in three dimensional multiphase flows is not recommended. This challenge was overcome by introduction of a four-sensor probe to enable measurements of velocity vector (magnitude and direction) of the dispersed phase in bubbly multiphase flows [1] [2] . Mishra et al [1] and Lucas et al [2] have presented a theoretical model which is used to compute various flow properties corresponding to the dispersed phase in typical bubbly air-water flows using the time delay measurements from a four-sensor probe. The developed model is based on the following assumptions:-1. The Mathematical model is valid for spherical bubbles. 2. The impact of a bubble on the probe does not affect the bubble's velocity vector. 3. Bubbles do not get deformed during the process of interaction with sensors. Figure 1 shows a schematic diagram of a typical four-sensor probe and the motion of a bubble of radius moving with velocity vector V. The velocity vector can be represented mathematically as:-
where is velocity magnitude, is polar angle between velocity vector and probe axis and is an azimuthal angle for velocity vector. Lucas et al [2] developed a detailed procedure to calculate polar angle and azimuthal angle of vertically rising bubble from time delay measurements made by the four-sensor probe. The corresponding equations are given below. is the polar angle corresponding to the point of contact of front sensor and is the azimuthal angle corresponding to the point of first contact of the front sensor as defined in figure 1C . Various geometric parameters corresponding to bubble size and the first point of contact on a bubble have been shown in figure 1C . The relevant equations are shown below.
Diameter of a bubble 0 can be calculated using equation 7, where = 1, 2 ) * 3
Thus, using the above equations, most of the flow parameters corresponding to the dispersed phase in air-water multiphase flows can be measured. Above model shows that for accurate measurement of dispersed flow parameters, time delays must be measured accurately. The accurate measurement of the time delays can be affected by location of four sensors in a four probe system. Hence for accurate measurement of flow parameters of the dispersed phase, for a given flow condition, a four-sensor probe needs to have an optimum sensors configuration.
Wu et al. [16] investigated the effect of axial sensors' separation on accuracy of velocity measurement for spherical and elliptical bubbles in air-water flow using typical dual-sensor probes. Authors concluded that measurable velocity may approach infinity if the ratio of the sensors' separation to the diameter of measured bubbles was smaller than the maximum relative fluctuation of the bubble velocity. Wu et al. [16] therefore suggested using an axial sensors' separation which is greater than half of the bubble diameter for effective elimination of this singularity problem.
Corre et al. [17] suggested a non-dimensional sensor separation parameter (axial separation divided by bubble diameter) in the range of 0.6 to 1 for accurate velocity measurements. The above recommendations were based on numerical simulations and hence effects of all the parameters have not been explicitly included in the probe design. The criteria proposed, also do not take into account likely flow conditions. This paper presents the development of an analytical model to determine the sensors locations for accurate measurement of dispersed phase flow parameters in a wide variety of multiphase flow conditions. In addition this paper explores possible circuits and presents a novel digital signal processing scheme to maximize the accuracy of measurements using the four sensor probe system.
An analytical model for placement of sensor in a four sensor probe system
Section 1 shows that the equations 2, 3, 4, 5, 6 and 7 can be used to calculate various parameters defining the velocity vector of any moving bubble (polar angle , azimuthal angle , velocity magnitude v) and various parameters defining bubble size (polar angle corresponding to the point of first contact µ, azimuthal angle corresponding to the point of first contact and the diameter of a bubble 0 ) of any moving air bubble in an air-water flow field. In these equations the input parameters are the time delays and the i th sensor's coordinates # & , & , ) * & . The time delay values are obtained from the bubbles' signatures recorded at various sensors using appropriate circuit and digital signal processing scheme. Figure 2 shows an ideal signal output from a typical four-sensor probe during its interaction with a bubble. Lucas et al [2] have shown that the time delays corresponding to the motion of a bubble from the leading sensor to the i th rear sensor &5 and &6 (first and second contacts) can be calculated using following equations: - In practice, the flow characteristics of the dispersed phase in multiphase flows may vary from one dimensional to strongly three dimensional and prior information about likely flow field may be used to design a four-sensor probe for a specific requirement. To establish this interdependence, an investigation has been carried out to establish relationship between the required axial separation of the sensors and the flow field characteristics. Different flow conditions were simulated by varying magnitudes of I and J with respect to K . Here I , J and K are x, y and z components of the resultant velocity. The main flow is assumed to be in the z direction. [17] suggested this value to be in between 0.6 to 1 times the diameter. It can be clearly seen that such an axial separation is completely unsuitable for strongly three dimensional flows and there is a need to establish a relationship between the axial separation of sensors and the likely flow for which that separation will be adequate which figure 3A provides. The frontal area of a probe has large influence on axial separation of sensors as well. To establish this, simulations were carried out on probes with three different frontal areas. Figure 3B shows the comparison of maximum permissible & for three different fontal areas, 0.25mm 2 , 0.5 mm 2 and 0.75 mm 2 , for I = 0.1 K , 0.6 K ) * 1 K . It can be seen that for a probe with larger frontal maximum axial separation should be smaller as compared to probe with smaller frontal area. This is because for a probe with larger frontal area there is a less likelihood of all the sensors being touched by a bubble. Hence probes with smaller frontal area are preferred for such measurement. Furthermore, a probe with smaller frontal area offers less resistance to the on-coming bubble as well. Comparing above three results it can be concluded that as the frontal area increases, maximum permissible & required decreases. Overall it can be concluded that maximum permissible & is more for one dimensional flows and larger bubble diameter. Results also establish that figure 3A and 3B can be used as design charts in addition to equation 12 to determine axial separation of the rear sensors with respect to the front sensor as a function of flow conditions for accurate measurement.
Sensitivity analysis
The requirements of smaller frontal area and small axial separation needed for accurate measurements put more emphasis on the accuracy of time delay measurements. Since the bubbles are expected to move with reasonably high velocity across the sensors, time delay measurements need to be extremely accurate for accurate estimation of the dispersed phase parameters. In order to measure the dispersed phase parameters accurately, it is necessary to acquire a reliable and representative signal from each sensor. Figure 4 shows the ideal output of a typical dual-sensor probe. If data is sampled at a frequency ( fs ) with a dual-sensor probe, the time interval ( t ∆ ) between two time signals is given by Equation 13 .
Actual local gas velocity true v can be computed using equation 14 .
1 t δ is measured time delay and "s" is axial probe separation.
Depending on accuracy of time measurements the measured time delay can be in the range of
Hence, the accuracy of measured local gas velocity meas v will depend on value of sampling frequency as shown in equation 15.
Therefore, as sampling frequency increases the difference between true v and meas v tends towards zero. For a four-sensor probe, it is not easy to predict the interrelation between various flow parameters and sampling rate. Hence in this section a sensitivity analysis has been carried out in order to determine the reasonable sampling frequency needed for accurate time delay measurements. Accuracy in measurement of , , v, µ, + and D depends on accuracy in measurement of seven time delays ( t 0b , t 1a, t 1b , t 2a, t 2b t 3a and t 3b ). The accuracy of measurement of time delays in turn depends on sampling rate. To quantify the effect of sampling rate, it was assumed that bubbles of 5mm diameter were moving across a four sensor probe, with dimension as shown in the table 1 (with 0.5mm 2 frontal area). It was also assumed that a typical bubble was flowing with a velocity magnitude of 1ms -1 . Although there are a number of possible flow conditions, in the present investigation values of , µ and are chosen as 45°. The analysis was carried out for various polar angles ranging from 0º to 35º degrees. 
For given value of Wand for given value of e, an average percentage error [ can be defined as
An average absolute percentage error à Z ghi can be defined as Figure 5A shows the percentage error kl K in the calculated values of axial velocity magnitude for different values of e and for various polar angles in the range of 5º to 35º. It can be seen that as error e increases the error values in calculated velocity magnitudes tend to increase as well. The figure shows that the error in calculated velocity magnitudes increases significantly when error e is more than 1e
-5 .
Figure 5B shows the percentage error kl J in the calculated values of y component of the velocity for different values of e and different values of polar angle in the range of 5º to 35º. It can be seen, that as the error e increases the error in calculated y component velocity tends to increase as well, as seen earlier in figure 5A . Again when error e is more than 1e -5 the error in y component velocity magnitudes becomes higher. Figure 5C shows the percentage error kl I in calculated values of x-component of velocity for different values of e and polar angles in the range 5º-35º. It can be seen that values of kl I starts to increase rapidly when error e becomes more than 1e -5 . The above clearly indicates that the data acquisition must be carried out at a rate 10 5 samples per second to limit inaccuracies in measurement of velocity components. figure 6 (B).
The variation of an average absolute percentage error kl K 56O for different values of e is shown in figure 6 (C). The maximum value kl K 56O of is less than 2% for e equals to1e -5 s and increases to 10% for e equals to1e -4 s.
The above results suggest that W I W J and W K can be measured within 2% of accuracy, provided the seven time delays δ n6 , δ 5 , δ 6 , δ 5 , δ 6 , δ !5 , δ !6 , are made within an accuracy of 10µs. It is however recommended, that the time delay measurements should be made with an accuracy of 1µs for very accurate results.
Construction of the four-sensor probe
Earlier sections have very clearly highlighted the requirements imposed on the design of a four-sensor probe system for the measurement of dispersed phase parameters in a multiphase flow. For a moderately three dimensional flow (V x = V y = 0.5 V z ), based on the above findings a four-sensor probe was constructed. Such a probe should work well for primarily axial flows as well as for moderately three dimensional flows. For constructing the probe, Teflon (PTFE) coated needles of 0.15mm in outer diameter were used as sensor of the probe. All four sensors of the probes have been placed in such a way that they make an isosceles triangle where front sensor lies in the center of this triangle. This layout also increases the probability of bubbles making the contact with the lead sensor first and then with the rear sensors. In order to achieve this layout a centrally drilled 2mm diameter ceramic guide was used to mount the needles. This also helps in minimising the overall frontal area of the probe. Design of this probe is shown schematically in figure 7 . The stainless steel tube forming the probe body was used as common earth electrode for the four sensors.
Circuit and Signal Processing
In a typical four sensor probe, the probe body and each of four sensors act as a negative and positive electrode respectively of a close circuit and are designed to have a pre-defined voltage. The change in voltage level depends on whether sensor is in contact with water phase or gas phase. To measure the voltages corresponding to bubble motion across each set of electrodes a circuit as shown in figure 8 was designed to record the bubble signature signals similar to that shown in figure 2 . Figure 8 shows a simulated signal generated using noninverting amplifier. Using this circuit it is opssible to generate an output which is almost inversally proportional to the probe resistance. Identical circuits were built and used to measure the voltage across electrodes of each sensor. The input and output quantities available from the non-inverting circuit can be mathematically represented by the following equation.
( ) figure 9 are obtained.
From figure 9 it can be seen that, although the identical circuits were made, the signals from four different sensors are not identical. This can be due to the various factors such as tolerance level of the resistors used and exposed area of the sensor tip itself. Hence the following signal processing scheme was developed to extract required information from probe signals. 2. The bubble-probe interaction is complex because some bubbles only touch some of the four sensors and it is necessary to find out which of the four 'square-wave' signals are caused by the same bubble. The threshold voltage (( Po see figure 10 ) was used to determine the rising and the falling edge of the signals achieved from the four-sensor probe. These correspond with arrival and departure of a bubble at the sensor tip. The level of threshold can change the residence time of a given sensor in a bubble, which is given by equation 20; where & residence is time of i th sensor in bubble, &N ) * &Q is first and last contact of a bubble by i th sensor respectively. Thus accurate estimate of threshold is necessary for accurate estimation of flow parameters. In previous experiments [13] , the threshold values were arbitrarily chosen ( Po in figure 10 ) to ensure the threshold values are beyond the noise in signals achieved from four-sensor probe. This value may not necessarily represent actual arrival and departure time of the bubble at a sensor and hence a suitable strategy needs to be developed to compute threshold from the data available.
In order to overcome this uncertainty, a process of identifying the threshold voltage was developed. This process ensures that at a point of measurement in the flow field, law of conservation of mass is satisfied. As per this constraint, all the sensors within a four sensor probe must give same volume fraction of the dispersed phase. This process will ensure that all the sensors satisfy mass conservation constraint at all the points in the flow field. The developed system implements an iteration process with different threshold values and calculates the volume fraction [see equation 21] of the dispersed phase from each sensor. The calculated volume fraction was then compared with the reference volume fraction measured using D.P cell as described by Pradhan et al. [13] . The individual threshold voltage for each sensor was chosen when the calculated volume fraction is equal to reference volume fraction or the difference between calculated and reference volume fraction is less than 0.0001.
Volume fraction k = p c & q r qe
(21) Figure 11 shows calculated volume fraction for all four sensors before and after iteration process. The results indicate that, the calculated volume fraction from each sensor can be matched with the reference volume fraction (.02459). Results also indicate that threshold voltage for each sensor can be of different values. Thus a novel digital signal processing scheme has been developed which accurately estimates the level of threshold needed for each sensor in a four sensor system. This ensures that time delay values in the calculation of different parameters correspond to actual motion of bubble across the sensors.
Validation of the four sensor probe measurement system
To test the accuracy of a four-sensor probe measurement system, controlled tests were carried out using two independent measuring systems as explained below.
Comparisons of probe and camera systems
Initially, bench test experiments were carried out. These experiments were carried out in a tank of dimensions 300mm x 300 mm x 800 mm. Table 3 represents the probe dimensions that were used to collect the data. In this test, it was expected that the bubbles moving across the probes would have mean diameter of about 5 mm and that the flow would be primarily axial. Hence, the axial separation of rear sensors from the leading sensor was kept at 1.75 mm, 1.83 mm and 1.91 mm respectively.
In order to validate the results obtained by the four-sensor probe system, a system that includes two high speed cameras was introduced. These cameras were placed orthogonally as shown in figure 12 . Both the cameras were capable of capturing the pictures of a moving object simultaneously at a speed of 250 frames per second. Since the primary motive behind using high speed cameras was to compare the velocity vectors calculated by the probe with the velocity vectors calculated by the camera system, it was essential that the data collected by four-sensor probe was from same bubble as that captured by cameras.
In order to ensure that both cameras capture the same bubble that strikes all four sensors of the probe, a mid-trigger system was used to capture images from both cameras, as well as to record signals from the four sensor probe as described by Pradhan et al [13] . The captured images were processed and the velocity and diameter of the bubbles were calculated as described by Pradhan et al [13] . The calculated bubble diameter and velocity obtained from the cameras were then compared with the results obtained using the four-sensor probe system. Figure 13 shows a comparison of the diameters of the bubbles as determined from the foursensor probe system and as captured by the camera system. The figure shows that there is an excellent match in the diameters of the calculated bubbles using both probe and the camera systems. The average percentage error in the calculated diameters from the two systems is found to be 2.92%. Table 4 shows a comparison of velocity magnitudes calculated using the four-sensor probe system and camera system. It clearly shows that the average difference in velocity values obtained from probe and camera systems is only 2.51%.
The above results shows that a four sensor probe system can be used to measure dispersed phase parameters with good accuracy. To test the usability of four probe sensor systems in practical situation, multiphase flow loop tests were carried out. In the following, results obtained from use of a four-sensor probe system in a typical multiphase flow loop have been presented.
Flow loop experiments
Following the promising results from bench test, the four-sensor probe system was used in a flow loop in order to measure the velocity components (azimuthal velocity, redial velocity, axial velocity), the volume fraction and the diameter of the bubbles passing through different points in a pipe cross section. The flow loop is designed to create different types of flow and it was decided to test four-sensor probe in primarily axial as well as highly three dimensional flows. For this purpose, the experiments were carried out with and without the presence of a swirler in a vertical pipeline of 80 mm diameter. The swirler consisted of six brass vanes which were welded to a central brass hub measuring 10mm in diameter and was set at 20°. Design of the four-sensor probe for this application required simulation of motion of bubbles of different sizes across the probe. It was decided to keep frontal area of the probe as small as possible. The typical probe used has the co-ordinates as shown in Table 5 . Figure 14 shows the results from analytical model for maximum permissible axial separation for such a probe. It can be seen that for 6 mm bubble the axial separation needed is about 2 mm for primarily axial flow. For a typical three dimensional flow with V x =V y =0.4 V z , a maximum permissible axial separation of 1.5 mm is ok. Hence in the present investigation the axial separation used satisfies the criteria adopted.
Two different flow conditions [a) s t = 0.76H/ , s w = 0.04H/ b) s t = 0.57H/ , s w = 0.02H/ ] were used where s t represents superficial water velocity and s w represents superficial gas velocity. For each flow condition, the probe was used at six radial locations on each given pipe radius to obtain the data. The pipe section containing the probe was rotated 30° anti-clockwise to take data along to the next radius. The same process was repeated for twelve different radii to collect the data at a total of 61 different locations, as shown in Figure  15 . s w = 0.04ms -1 . It is clear that when s t is equal to 0.57 m/s, the presence of the swirler has a small effect on the polar angle µ across the pipe section as compared to the flow when s t is equal to 0.76 m /s. The presence of the swirler also shows a larger effect on the profile of polar angle µ. Figure also indicates that when the probe is at the center of pipe, probe touches bubbles at the center. However, as the probe moves towards the wall of pipe, probe touches the bubbles at a point away from the center. s w = 0.04ms -1 . From the figure it can be seen that without the presence of swirler there is very small change on the azimuthal angle corresponding to point of first contact as the flow was increased. Figure also indicates that azimuthal angle corresponding to point of first contact remains almost same when the probe is moved across the pipe in both flow conditions. However the presence of swirler makes the azimuthal angle x changed rapidly as the probe is moved from center to the pipe wall. s w = 0.04ms -1 . Results show that there is a very small but noticeable variation on the bubble diameter measured under both flow conditions. Results also suggest that there is very small effect in the measurement of the bubble diameter due to the presence of the swirler which is expected.
The above results indicate that a four-sensor probe can be used with confidence to measure dispersed phase flow parameters with confidence in multiphase applications. Furthermore axial separation of sensors can be tuned to acquire better measurements in such applications.
Conclusions
An analytical model for the optimization of probe spacing has been developed for specified flow conditions. It enables calculation of maximum permissible axial separation of sensors for a four-sensor probe for various flow conditions. The results clearly show that the required maximum & decreases as the flow changes from one dimensional to three dimensional. However, values of & increases as the diameter of bubble increases. The study shows that a probe with larger frontal area will have less possibility of all the sensors being touched by a bubble. Thus, a probe with smaller frontal area is more suitable for measurement of the time delays in air-water bubbly flow.
Sensitivity analysis for the probe dimensions indicated that for the accurate measurement of time delays from the sensor, data should be collected at minimum 1e^5 Hz, but preferably at1e^6 Hz. A novel digital signal processing scheme was developed that relies on threshold levels required to match the calculated volume fraction with the reference volume fraction. For validation purpose bench test results were compared with results from high speed cameras and the flow parameter values obtained from the two systems matched very closely.
Flow loop experiments were carried out with and without the presence of swirler for various ranges of flow conditions. Results show that the presence of swirler shows significant increase in the azimuthal velocity. The results also show that at the center of the pipe section probe tends to touch the bubble at its center however as the probe moves towards the pipe wall it touches bubble at the edge of the bubble making the polar angle larger.
The study shows that four-sensor can be used to measure the flow properties of the bubble flowing in air-water bubbly flow. The errors can be minimized if data are collected using carefully designed probe and sampled at 1e^5 Hz or above. 
